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a  b  s  t  r  a  c  t
Euler’s  method  of  water  vapor  analysis  and the  Lagrangian  trajectory  analysis  for
1979–2009  show  the  water  vapor  associated  with  Meiyu  rainfall  over the Yangtze-Huaihe
River  Valley  (YHRV)  mainly  comes  from  the  South  China  Sea  (SCS)  and  the  Bay  of Bengal
(BOB),  and  the local  evaporation  from  the  lower  and  middle  troposphere  over  the  Paciﬁc
Ocean and  Eurasia  are  secondary.  Compared  with  that  before  2000,  the  contribution  of
water vapor  from  the BOB  to Meiyu  rainfall  doubles  in the  low  level  but decreases  in the
mid-level  after  2000,  while  that  from  the  SCS  decreases  and mid-level  transport  path  shifts
to north  of  the  Indochina  Peninsula.  The  increased  water  vapor  transport  from  the  BOB  and
north of the  Indochina  Peninsula  is  the  primary  cause  for the water  vapor  budget  increase
at  the  southern  boundary  of  the  YHRV.  It  is  further  noted  that  the  water  vapor  from  the
SCS  mainly  inﬂuences  precipitation  over  the  region  to the  south  of  the  mid-lower  reaches
of the Yangtze  River,  while  water  vapor  transport  from  the  BOB  can  cause  opposite  rain-
fall  variations  between  north  and  south  of  Yangtze  River  over  Meiyu  rainfall  region.  After
2000, the  decreased/increased  SCS/BOB  water  vapor  transport  jointly  inﬂuences  the  Meiyu
rain  belt  shift  northward.  Singular  value  decomposition  is  used  to  study  the relationship  of
changes  in  the  water  vapor  transport  with  the  Indian  Ocean  sea  surface  temperature  (SST)
and  Paciﬁc-Japan  (P-J)  pattern.  Enhancement  of  the  coupling  between  the  Indian  Ocean  SST
basin-wide  warming  and  P-J pattern  is  an  inner  mechanism  of the  changes  in  water  vapor
transport  and the  northward  shift  of the rain belt.
©  2016  The  Authors.  Published  by  Elsevier  B.V.  This  is an  open  access  article  under  the  CC
BY-NC-ND  license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).
. IntroductionStudies on the variability in Meiyu rainfall over the Yangtze-Huaihe River Valley (YHRV) are of signiﬁcant scientiﬁc
mportance and socioeconomic implications. In the context of global warming, Meiyu rainfall tends to be atypical (Liang
t al., 2009), and the intensity and distribution are more complicated (Chen et al., 2007; Ding et al., 2007; Gao et al., 2016;
u and Ding, 2009; Hu et al., 2010; Li et al., 2016; Xu, 2007). The rain belt response to global warming, the associated
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iangsu  210044, China.
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shift in water vapor transport and the corresponding thermodynamic factors have attracted considerable attention from
researchers. Further research is still needed to gain an insightful understanding of the changes of the Meiyu phenomena and
to provide a scientiﬁc basis for the development of climate change policies.
The distribution of precipitation is immediately determined by the path and source/sink of water vapor transport. Previous
studies showed that the Bay of Bengal (BOB), the South China Sea (SCS) and the western North Paciﬁc (WNP) are the major
water vapor sources, and they play important roles in rainfall processes over the YHRV in the boreal summer (Ding and Hu,
2003; Ninomiya, 1999; Simmonds et al., 1999; Xu et al., 2003; Yao and Huang, 2016; Zhang, 2001; Zhou and Yu, 2005; Zhu
et al., 2012). Huang et al. (1998) and Huang and Chen (2010) indicated that meridional water vapor transport is larger than
zonal transport in the East Asian monsoon region. On the contrary, Zhuo et al. (2006) suggested that East Asian drought and
ﬂood mainly depends on changes in zonal water vapor transport. Thus, although water vapor over the BOB and SCS plays
an important role in precipitation in the YHRV, the key paths that induce variations in rainfall and their connection with
anomalous circulation are inconsistent in different studies probably owing to the different datasets and methods they used.
The aforementioned studies indicated that although water vapor over the BOB and SCS plays an important role in pre-
cipitation in the YHRV, the key paths that induce variations in rainfall and their connection with anomalous circulation are
inconsistent because different data sets and methods were used in analyses.
Recently, the airﬂow trajectory model based on the Lagrangian method (HYSPLIT v4.9) was  introduced to quantitatively
investigate water vapor transport (Drumond et al., 2011; Gimeno et al., 2010). Jiang et al. (2013) quantitatively explored the
climatological characteristics of water vapor transport associated with Meiyu rainfall using HYSPLIT v4.9. They found that
the water vapor over the Indian Ocean, the BOB-SCS and the Paciﬁc is from the lower troposphere under 850 hPa, while the
water vapor over the Eurasian continent comes from the middle troposphere around 600 hPa. Yang et al. (2014) noted that
water vapor from Indian Ocean (Bay of Bengal-South China Sea) is 17% less (11% more) in wet  Meiyu years compared to dry
Meiyu years.
Gao et al. (2016) indicated that the Meiyu rain belt experienced a northward shift in the late 1990s. The pronounced
northward horizontal transport and the convergence of water vapor ﬂuxes are the immediate causes for this northward shift
Meiyu rain belt. Moreover, they noted that through forcing a northward extended convection over the tropics, the Paciﬁc-
Japan (P-J) pattern induces a northward expansion of WNP  subtropical high (WNPSH), leading to intensiﬁed convergence
and enhanced rainfall over the northern YHRV. Besides a meridional shift of WNPSH, the westward extension of WNPSH is
also observed and it blocks the water vapor transport from the SCS. However, the effect of the P-J pattern on zonal shifting
of the WNPSH in the late 1990s and the resultant variation in water vapor transport remains an open question.
The P-J pattern, also known as EAP pattern (Huang and Sun, 1992), was ﬁrst proposed by Nitta (1987). Then, the asso-
ciated triggering and maintaining mechanisms, such as the El Nin˜o-Southern Oscillation (ENSO), and thermal forcing of
Tibetan Plateau and Eurasian continent, were widely discussed. Two mechanisms are commonly accepted. One is the wind-
evaporation-SST (WES) feedback mechanism proposed by Wang et al. (2000, 2003). Wang et al. (2000, 2003) and Wu et al.
(2010) suggested that from El Nin˜o developing winter to the following early summer, both the remote forcing of central
and eastern equatorial Paciﬁc warm SST anomalies (SSTA) and the positive feedback of local WES  maintained an anomalous
anticyclone (AAC), which is part of the P-J pattern over the WNP. Following the decay of positive SSTA in the central and
eastern equatorial Paciﬁc decay and the mean ﬂow change to apparent southwest wind, the remote forcing and local positive
WES feedback are no longer valid. Instead, basin-wide warming of the Indian Ocean (IO) is an essential external forcing that
supports the AAC over the WNP  in post-El Nin˜o summer (Feng et al., 2015; He and Zhu, 2015; Ren et al., 2016; Wu et al.,
2010, 2009; Xie et al., 2009; Yang et al., 2007; Yu et al., 2016). This so called “IO capacitor effect” mechanism was  proposed
by Xie et al. (2009) and Yang et al. (2007). It suggested the IO acts as a capacitor by preserving the warm signal of the El Nin˜o
to post-El Nin˜o summer and then induces an EAP/P-J teleconnection pattern. Recently, Kosaka et al. (2013) proposed a PJIO
coupled mode or the Indo-western Paciﬁc ocean capacitor (IPOC) (Xie et al., 2016) that included the above two  mechanisms.
They pointed out that the local air-sea interaction hypothesis of Wang et al. (2000, 2003) dominates and induces Northern
IO warming in spring. Then, the north IO warming excites the EAP/P-J in summer. They also indicated that the PJIO coupled
mode can emerge even without ENSO. Motivated by these arguments, two  questions raised: (1) how does the mechanism
apply on shaping the P-J pattern in the Meiyu season and (2) how do they affect water vapor transport for Meiyu rainfall?
Understanding these questions is our main objectives in this paper.
The rest of the paper is organized as follows. Section 2 describes the data sets and analysis methods used. Section 3
discusses variations in water vapor transport and the potential inﬂuence of these variations on the Meiyu rain belt after
2000. Section 4 illustrates the inﬂuence of the P-J pattern and IO SST on the transport of water vapor arising from the BOB
and SCS and discusses the possible physical processes of the IO SSTA in shaping the WNP  circulation. Finally, a summary is
given in Section 5.
2. Data sets and methods
2.1. Data setsThe data used in the present study are as follows: (1) daily rainfall data from gauge observations during the period of
1979–2009 which provided by the National Meteorological Information Center of the China Meteorological Administration
(CMA); (2) daily atmospheric circulation data derived from the National Centers for Environmental Prediction/Department of
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nergy (NCEP/DOE) Reanalysis-2 (Kanamitsu et al., 2002) from 1979 to 2009; (3) National Oceanic and Atmospheric Admin-
stration (NOAA) Optimum Interpolation 1/4 degree daily sea surface temperature analysis for the period of 1981–2009; and
4) ﬂux and evaporation data for global oceans derived from the Objectively Analyzed Air-Sea Fluxes (OAFlux) project (Yu
t al., 2008) for the period of 1985–2009.
We also adopted the third generation reanalysis dataset of the European Centre for Medium-Range Weather Forecasts
ECMWF), ERA-interim (Dee et al., 2011; Simmons et al., 2007; Uppala et al., 2008), to assure the credibility of the research
esults. Since the data set and the NCEP/DOE are highly consistent in measuring recent circulation changes, for brevity, we
nly show the NCEP/DOE results.
The Meiyu period in each year is extracted using the onset and termination criterion for the regional Meiyu proposed
y Sun (2014). The study focuses on two groups of heavy rain days during the Meiyu season before and after 2000 because
eiyu rain belt shifted northward around 2000 (Gao et al., 2016). Each group of days meets the requirement that the stations
ith daily rainfall exceeding the 70th percentile during the Meiyu season must be more than a quarter of stations in the
HRV. During the Meiyu season of 31 years, 382 days satisfy the criterion, most of which are continuous rainy days. The
ontribution of these rainy days to total rainfall during the Meiyu period is greater than 80%. The selected heavy rain events
liminate rain-free day effects and retain the primary Meiyu information.
.2. Methods
The water vapor budget was calculated using Euler’s method (Ding and Hu, 2003; Hu and Ding, 2003). The HYbrid Single-
article Lagrangian Integrated Trajectory model (Version 4.9) (HYSPLIT v4.9) is a complete system developed by NOAA for
omputing simple air parcel trajectories, as well as complex transport, dispersion, chemical transformation, and deposition
imulations (Draxler and Hess, 1997, 1998). HYSPLIT v4.9 is capable of forecasting wind ﬁelds and computing the forward
nd backward Lagrangian trajectories of an air parcel from any user-speciﬁed height and location. In this study, we use a
ackward trajectory analysis of air parcels to describe the tropospheric water vapor paths that arrive in the southern and
orthern YHRV, which are represented by two regional center grid points (RCPs), (32.5◦N, 117.5◦E) and (29◦N, 117.5◦E),
espectively. One hour is chosen as the integration time step. The backward trajectories of the individual air parcels arriving
t the RCPs are calculated for the members of the two  groups of selected rainy days, each comprising 144 1-h segments.
hese are performed at origin heights of 1500 m and 5500 m,  representing the lower and middle troposphere, respectively.
Moreover, before trajectory simulation, reanalysis data are interpolated to the terrain-following vertical coordinate levels
).
To visually discriminate the major paths of water vapor transport from numerous trajectories, one approach is to merge
rajectories that are near each other and represent those groups, called clusters, by their mean trajectory. Final cluster-mean
rajectories represent the averaged paths of water vapor transport. Each path frequency, namely water vapor contribution
WVC), is the sum of endpoint speciﬁc humidity (qlast) along all trajectories (M)  within its cluster divided by the total
ndpoint speciﬁc humidity of trajectories analyzed (N).
WVC  = 100% ×
M∑
1
qlast/
N∑
1
qlast
. Variations in water vapor transport and their potential inﬂuence on the Meiyu rain belt
Recent studies (Gao et al., 2016; Hu and Ding, 2009; Si et al., 2009) have indicated that the Meiyu rain belt experienced a
orthward shift in the late 1990s. The rainfall changes are directly associated with the transport and convergence of water
apor; therefore, in the following sections, we examine the transport and budget of water vapor during the mean Meiyu
eriod before and after 2000.
.1. Water vapor budget over the northern and southern YHRV
Fig. 1 presents the changes in water vapor ﬂux and its divergence in the lower and mid-upper troposphere from 1979–1999
o 2000–2009 based on heavy rain days (daily rainfall exceeding the 70th percentile) during the Meiyu season. In the lower
roposphere (Fig. 1a), the water vapor ﬂux divergence exhibits a positive anomaly that is centered to the south of the Yangtze
iver and a negative anomaly centered to the north of the river, which are consistent with the result in the entire Meiyu
eason suggested by Gao et al. (2016). Correspondingly, the water vapor transport mainly exhibits a slight increase from
he BOB and weakened transport from the SCS and WNP. Opposing anomaly can be observed in the mid-upper troposphere.
he baroclinic structure causes a positive anomaly in rainfall to the north of the Yangtze River and a negative anomaly to
he south of the river. To study the interdecadal variability of differences in the water vapor budget between the northern
31–34◦N, 110–122◦E) and southern (28–31◦N, 110–122◦E) YHRV, the yearly differences in the water vapor ﬂux divergence
etween the two regions (ﬁgure not shown) are calculated in the lower troposphere, which is the main moisture-convergent
ayer. The water vapor income in the southern YHRV is greater than that in the northern YHRV from the early 1980s to the
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ba
Fig. 1. Changes (2000–2009 minus 1979–1999) in the water vapor ﬂux (arrows; kg/(m s)) and associated divergence (shaded; 10−6 kg/(m2 s)) in the lower
troposphere (a; from the surface to 850 hPa) and upper-middle troposphere (b; from 500 hPa to 300 hPa).
   
  
b a 
d c 
Fig. 2. The vertical distribution of the water vapor budget (107 g/(hPa s)) in different directions over the northern (31–34◦N, 110–122◦E) (a, b) and southern
(28–31◦N, 110–122◦E) (c, d) regions for the period 1979–1999 and 2000–2009. a, c: 1979–1999; b, d: 2000–2009. Gray solid line: summary of the divergent
term;  solid circle: the southern boundary; open square: the northern boundary; solid square: the eastern boundary; open circle: the western boundary.
As  shown in the legends, the water vapor budgets (107 kg/s) at different boundaries are indicated.
late 1990s, while the net water vapor entering the northern YHRV exceeds that entering the southern region after 2000,
thus causing a northward shift of the rain band.
Fig. 2 gives the results of the water vapor budget in different levels of the troposphere and in different directions in the
northern and southern regions for the selected rainy days in different periods. Consistent with the results of Fig. 6 in Zhu
et al. (2014), Fig. 2 shows that the largest inﬂux of water vapor into the budget area is across the southern boundary in both
regions, while the second largest is across the western boundary; however, the outﬂuxes are generally via the northern
and eastern boundaries. Additionally, Fig. 2 shows the moisture ﬂow entering or exiting the budget area via the southern,
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tig. 3. Composites of the vertically integrated (from surface to 300 hPa) water vapor ﬂux during the Meiyu period in (a) 1979–1999 and (b) 2000–2009
nd  (c) their differences (2000–2009 minus 1979–1999). Arrows denote the water vapor ﬂux in kg/(m s). Shading indicates the water vapor ﬂux greater
han  250 × 102 kg/(m s).
orthern and eastern boundaries occurs in the mid-low troposphere. The inﬂow layers across the western boundary vary
rom region to region, including in the 700–600 hPa layer in the southern region and in the 500–400 hPa layer in the northern
egion. The water vapor transport across the western boundary in the middle level may  be due to the southwest ﬂow veering
astward when it passes the Tibetan Plateau from the BOB.
A comparison of the two groups of heavy rain events indicates that the total net ﬂux convergence weakens over the
outhern region but intensiﬁes over the northern region from 1979–1999 to 2000–2009. The weakened convergence is mostly
ue to the much larger water vapor outﬂow across the northern boundary of the southern region after 2000. The enhanced
ater vapor convergence is due to larger inﬂow through the southern boundary in the northern YHRV. Furthermore, the
nﬂux through the western boundary decreases in both budget areas.
.2. Trajectory analysis of water vapor transport before and after 2000
The previous section focuses on documenting the changes in the budget and direction of water vapor in all levels of the
roposphere over the target regions; however, some questions must be discussed in depth, especially regarding the path
hat water vapor follows to reach the YHRV from the ocean, the percentage of transport of each branch in the total water
apor input and the change in the transport of each branch after 2000.
First, Fig. 3 shows that the strongest ﬂux transported to the YHRV originates from the southern BOB via the SCS before
000, whereas the water vapor that arrives in the YHRV is mainly from the northern BOB by way  of the Indochina Peninsula
fter 2000. These observations suggest that the water vapor transport channel may  change.
Second, in the following portion of the study, the water vapor transport channel will be determined using the HYSPLIT v4.9
odel, and 1500 m and 5500 m are chosen as the two RCP origin heights because of the strongest water vapor transport
ccurring in the 850 hPa layer and the second strongest transport appearing in the 600–400 hPa layer through the western
oundary.
The clustering results of the trajectories arriving at the origin height of 1500 m at the north RCP for the two groups of
eavy rain days before and after 2000 are shown in Fig. 4a and b. In the ﬁrst groups of days, there are 1228 trajectories
raced backward for 6 days. The change in total spatial variance (TSV) as clusters combined (ﬁgure not shown) shows that
he TSV rapidly increases when the output contains ﬁve clusters, indicating that the cluster analysis has established ﬁve
rincipal groups of trajectories. These water vapor paths (Fig. 4a) include local water vapor (cluster 1), vapor transport from
he SCS (cluster 2), transport by the mid-latitude northwesterly (clusters 3 and 4), and transport from the BOB (cluster 5).
he largest proportion (35%) of the water vapor transported into the YHRV comes from the SCS, and the next largest is
rom the BOB (except for cluster 1) based on WVC  calculation in Section 2.2. The transport via these two  paths exceeds
ransport via other paths, mainly because the water vapor in these two paths originates from the troposphere below 700 m,
hich is a height close to the sea level in the low-middle latitude, where evaporation is vigorous. The clustering of the 460
rajectories of the second group (2000–2009) of days yields optimal results when the output contains four clusters (Fig. 4b).
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Fig. 4. The cluster mean 144-h (6-day) back trajectories at 1500 m above sea level over the northern YHRV (117.5◦E, 32.5◦N) (a, b) and southern YHRV
(117.5◦E, 29◦N) (c, d) in the Meiyu period (top plots) and variations in their heights (bottom plots, the horizontal axes show backward tracking hours). a, c:
1979–1999; b, d: 2000–2009; The bracketed number above the beginning of each trace is the percentage of complete trajectories occurring in that cluster
based on WVC  calculation in Section 2.2, and the numbers without the brackets are identiﬁcation numbers of the traces.
The four water vapor paths are the same as those in the preceding group (1979–1999). However, contrast to the result of the
preceding group, the contribution of water vapor that originated from the SCS decreases slightly, whereas the transport of
water vapor from the BOB signiﬁcantly increases (18%–36%). The total contribution of the two paths increases, thus leading
to an increment of the water vapor input across the southern boundaries of the two regions. Water vapor from the northwest
following cool air decreases, which is manifested as the disappearance of transport from the North Atlantic Ocean and a
decrease in cool air from Western Siberia. The contribution of local water vapor remains unchanged in the two periods.
As mentioned above, the middle troposphere is the second largest input layer of water vapor into the YHRV during the
Meiyu season. As in the lower troposphere, the primary sources of water vapor in the layer are the BOB and SCS (contribution
of 50–60%), and the two have changed considerably (ﬁgure not shown). The transport of water vapor from the southern
Indochina-SCS declined signiﬁcantly, and water vapor from northern Indochina increased, nearly doubling. Consequently,
inputs via the southern boundary in the budget region increase. Water vapor transport from the BOB, which plays a primary
role in mid-level moisture input over the budget region, declined after 2000 (contributions of 45% and 35% before and after
2000, respectively). This led to a decrease in moisture inﬂow across the western boundary.
Similar to the situation in the northern RCP, water vapor transport includes stronger moisture transport from the SCS but
weaker transport from the BOB, arriving at the lower troposphere above the southern RCP (Fig. 4c and d). The difference is
that water vapor reaching the southern RCP, whether in the lower or middle troposphere (ﬁgure not shown), partly comes
from peripheral areas of the subtropical high in the WNP, declining since 2000. In addition, local water vapor, which arises
from early day evaporation during long-duration rain events (more than 6 days of continuous rainfall) and can support
later rainfall, decreases in the southern RCP by comparison (cluster 4 in Fig. 4c relative to cluster 2 in Fig. 4d). This implies
weakened continuity of rainfall in the southern region after 2000.
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ba
Fig. 5. Time series of BOBI (a) and SCSI (b) during the Meiyu period from 1979 to 2009, where the dashed line represents the linear trend for the 31-yr
period, with bold representing signiﬁcance at the 99% level.
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sOverall, the SCS and BOB are the principal sources of water vapor associated with Meiyu rainfall over the YHRV, and the
ransport via the two paths accounts for more than 50% of total water vapor transport. Other transports come successively
rom local evaporation in the lower troposphere, mid-level cool air over the North Atlantic Ocean and the Caspian and Aral
eas. In the southern YHRV, some water vapor also comes from the WNP, and water vapor transported by northwesterly
ow makes a small contribution relative to that in the northern region. Before 2000, transport of water vapor from the
CS (35%/40%) into the lower troposphere above the (northern/southern) rainfall area was  more than/equal that from the
OB (18%/43%), and water vapor entering the middle troposphere from the BOB (64%/45%) was  signiﬁcantly more than that
rom the SCS (22%/14%). During the Meiyu season after 2000, low-level water vapor from the BOB doubled (36%/62%) and
hat from the SCS decreased a little (30%/33%). Additionally, mid-level water vapor from the two paths declined by 31%/34%
rom the BOB and 0%/0% from the SCS, but that from Northern Indochina increased by 26%/34%. The increased low-level
oisture transport and decreased mid-level moisture transport from the BOB induced an obvious inﬂow increase through
he southern boundary and an inﬂow decrease via the western boundary of the YHRV. Meanwhile, more water vapor that
eaves the southern region heads northward into the northern region due to increased low-level ﬂow from the BOB.
.3. Impact of the SCS and BOB paths on the regional Meiyu
As discussed, as the dominant components in vapor transport, water vapor transported from the SCS and BOB experienced
 considerable change around 2000; thus, it is essential to examine the impact of the interdecadal variability in the two paths
n Meiyu rainfall in the YHRV.
The intensity indices of water vapor paths are deﬁned to quantify the trends and interdecadal variability in transport from
he SCS and BOB during the Meiyu period from 1979 to 2009. Since meridional ﬂuxes of water vapor in summer are more
mportant than zonal ﬂuxes in eastern China (Huang and Chen, 2010; Zhu et al., 2014), the surface to 500 hPa meridional
uxes of water vapor are calculated over two target regions, the SCS (105–120◦E, 0–25◦N) and BOB (80–105◦E, 5–27.5◦N),
hich follows the deﬁnition of monsoon area provided by Wang et al. (2009) and deﬁned as the two  intensity indices (Fig. 5).
 none-correlation (-0.03) between the two indices suggests that water vapor transport along the one path is not affected
y another. Their independency indicates the above-mentioned clustering results are reasonable.
Fig. 5 indicates a statistically signiﬁcant ascending trend (with a trend coefﬁcient of 0.94, exceeding the 99% conﬁdence
evel) in transport from the BOB, but a non-signiﬁcant descending trend (with a trend coefﬁcient of −0.51, not exceeding
he 99% conﬁdence level) is observed in SCS transport. Meanwhile, the average values of the two  indices are calculated in
eriods before and after 2000, and the result shows that there is a slight decrease in the average transport from the SCS after
000, but a noticeable abrupt increase in the average transport from the BOB. Therefore, the meridional transport of water
apor tends to decrease from the SCS and increase from the BOB based on both long-term trends and mean value changes.
hese are consistent with the results of the above HYSPLIT v4.9 analysis.
To study the impact of the changes in water vapor transport from the SCS and BOB on the Meiyu rain belt, we conduct
 precipitation regression analysis against onto the two moisture transport indices (BOBI and SCSI) during the period of
979–2009 (Fig. 6). The rainfall regressed upon the SCSI shows a signiﬁcant positive anomaly in the southern YHRV (Fig. 6a),
hereas rainfall regression pattern upon the BOBI presents a signiﬁcant positive anomaly to the north of the Yangtze River,
nd a negative anomaly over the region south of it (Fig. 6b). These results indicate that the effect of water vapor transport
rom the SCS mainly occurred in the region to the south of the mid-lower reaches of the Yangtze River, but water vapor
ransport from the BOB caused an opposite variation in Meiyu rainfall in the northern and southern regions separated by the
angtze River. Thus, weakened transport from the SCS and strengthened transport from the BOB jointly drove the northward
hift of the Meiyu belt after 2000.
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ba
Fig. 6. Regression rainfall anomalies (mm/day) against onto BOBI (a) and SCSI (b). Shading indicates the area exceeding 90% conﬁdence level.
 
b a 
d c Fig. 7. Correlation patterns of geopotential height (contours in a, b), non-divergence wind (vectors in a, b) and vorticity (c, d) at 850 hPa based on the BOBI
and  SCSI. a, c: BOBI; b, d: SCSI. Contours are shown every 0.1, with dashes representing negative values. Shading indicates the 90% conﬁdence level.
4. Inﬂuence of the P-J pattern and the Indian ocean (IO) SST
4.1. BOBI and P-J pattern
As the important components of the Asian monsoon system, changes of water vapor transport from the SCS and BOB is
associated with other dynamic and thermodynamic processes in the system inevitably (Sun et al., 2015). Fig. 7a and c show
that the BOBI is signiﬁcantly correlated with an anomalous anticyclonic circulation in the low-middle troposphere, which
extends from the WNP  to the eastern BOB. Accompanying the westward extension of the WNPSH, there is a negative vorticity
anomaly that dominates the areas south of the Yangtze River and stretches to the eastern BOB, strengthening meridional
moisture transport from the BOB, and vice versa. Fig. 7b and d suggest that the eastward retreat of the WPSH can increase
moisture transport from the SCS by intensifying anomalous cyclonic circulation over the western SCS. Conversely, the SCSI
can weaken.
The composite difference ﬁelds of 850 hPa circulation during the Meiyu season (2000–2009 minus 1979–1999) (Fig. 8a
and b) resemble the correlation patterns presented in Fig. 7a and c. These suggest that the WPSH extends westward and
strengthens after 2000, enhancing meridional moisture transport from the BOB. In addition, concurrently enhanced geopo-
tential heights over the BOB and SCS weaken the latitudinal pressure difference, reducing zonal water vapor transport from
the BOB to the SCS and decreasing transport from the SCS to the YHRV.
Note that the difference patterns of lower tropospheric circulation – whether vorticity geopotential height or stream
function – feature meridional dipoles between the low-latitudes (10◦–30◦N) and mid-latitudes (30◦–40◦N) (Fig. 8a and b).
The dipole structure stretches upward to the upper troposphere, but with a distinct tilt compared to that at the lower level.
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tig. 8. Difference (2000–2009 minus 1979–1999) of geopotential height (shaded in a; gpm), vorticity (contour in a; 10−6 s−1), non-divergence wind (streams
n  b; shading denotes the stream function; 106 s−1) and divergence wind (arrows in b; m/s) at 850 hPa and vertical sections of vorticity (c; 10−6 s−1) and
eridional circulation (d; ω has been magniﬁed 100 times). Shading in (c) and (d) indicates the 90% conﬁdence level.
hese exactly characterize the P-J pattern, which is a wavelike circulation pattern emanating from the Philippine Sea to the
xtratropical North Paciﬁc. Compared to the phase in 1979–1999, the positive phase of the P-J pattern dominates the Meiyu
eriod of 2000–2009, forming an AAC elongated zonally from the WNP  to the eastern BOB, as well as an abnormal cyclone
nd convergence in the northern YHRV in the lower troposphere (Fig. 8a–c). The aforementioned correlation between the
OBI and low-level circulation (Fig. 7a and c) exhibits a meridional structure associated with the positive phase of the
-J pattern, which further conﬁrms a connection between increased BOBI values and the positive P-J pattern, that is, the
estward extension of AAC into Northern IO can increase the meridional transport of water vapor over the BOB.
.2. P-J pattern and IO SST coupling: a discussion
As the origin of water vapor from the BOB, the IO can inevitably affect the intensity of water vapor transport from the
OB via SST forcing. The IO-WNP are occupied by broad positive SST anomalies after 2000 (Fig. 9), and the average SST over
he tropical IO (20◦S–20◦N, 60◦–100◦E) increased rapidly from 1979 to 2009. Additionally, BOBI shows a variation similar
o that in the regional average IO SST, and the linear correlation coefﬁcient between the two time series is 0.6 (exceeding
he 90% conﬁdence level). Accompanying IO warming, evaporation from the equatorial IO increased concurrently after 2000
Fig. 9), leading to enhanced moisture transport to the troposphere from the ocean and meridional water vapor transport
rom the BOB.
Since the P-J pattern and the tropical IO SST both have important effects on the meridional transport of water vapor
rom the BOB, how do the two work together in a coordinated manner? We perform SVD analyses of monthly SST over
he tropical IO (20◦S–20◦N, 60◦–100◦E) and 850 hPa vorticity over the WNP  (0◦−60◦N, 100◦−160◦E) in the Meiyu period
o extract the leading coupled modes. The squared covariance fraction of this mode is 37%, and the correlation coefﬁcient
etween the time coefﬁcients of the two ﬁelds is 0.80. Additionally, the two  time coefﬁcients (PC1 SST and PC1 Vort) are
emporally correlated with the P-J index (the leading principal component of the WNP  850 hPa vorticity based on Section 5
f Gao et al. (2016)), at 0.30 and 0.32. These correlations are signiﬁcant (exceeding the 90% conﬁdence level), indicating that
he positive phase of the P-J teleconnection is coupled with positive SST anomalies over the tropical IO during the Meiyu
eason. As shown in Fig. 10, 500 hPa ascending motion anomalies appear in the easterly and westerly regimes of the south
nd north ﬂanks of the WNP  anticyclone and over the equatorial IO, whereas 500 hPa ascending motion anomalies occur over
he South IO and WNP  anticyclone areas. Over the WNP, anomalous vertical motions exhibit a tripolar pattern, which uniﬁes
he P-J pattern. Over the tropical IO, an ascending branch corresponding to warm SSTA can be observed. Additionally, the
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Fig. 9. Composite difference (2000–2009 minus 1985–1999) in SST (shaded; K) and evaporation at the surface (contours; 10−5 m of water equivalent;
positive upward) during the Meiyu season.
Fig. 10. Regressed anomalies of SST (a; shading), 850 hPa wind (b; arrows) and 500 hPa vertical p-velocity (b; shading) and correlations of tropospheric
temperature (a, contours) against the corresponding time coefﬁcients (PC1 SST and PC1 Vort) for the ﬁrst SVD mode of SST in the IO (20◦S–20◦N, 60◦–100◦E),
and  850 hPa vorticity over the WNP  (0◦–60◦N, 100◦–160◦E). Stippling indicates statistically signiﬁcant at the 99% conﬁdence level according to a t-test.
baFig. 11. Same as Fig. 10, except for (a) 200-hPa velocity potential (contours, 10−6 m2 s−1, interval 0.4) and divergent wind (vectors, m s−1); and (b) latent
heat  ﬂux (interval 0.4; positive upward). Heavy solid lines denote a value of zero.
upper-tropospheric velocity potential ﬁeld (Fig. 11a) shows a strong divergent center over the tropical IO, which is consistent
with 500 hPa upward anomalies. The strong divergences are connected to the upper-level convergences associated with the
WNP  anticyclone, which forms a dipole pattern (Fig. 11a). This implies that the tropical IO SST during the Meiyu season is
able to force the atmosphere freely. Thus, the convective heating anomaly over the tropical IO is likely to have a signiﬁcant
impact on WNP  circulation.
In fact, previous studies (Wu  et al., 2010, 2009; Xie et al., 2009, 2016) have indicated that in El Nin˜o decaying summer,
the IO warm SSTA, established after the El Nin˜o mature winter, plays a crucial role in sustaining the WNP  AAC part of the P-J
pattern. Anomalous easterly winds in the southern ﬂank of the WNP  anticyclone in turn cause a second warming of the North
IO (Du et al., 2009; Xie et al., 2016). However, Kosaka et al. (2013) and Xie et al. (2016) suggested that even without ENSO,
the above-mentioned interaction can be identiﬁed using the Paciﬁc Ocean–Global Atmosphere partial coupling framework,
where SST variability in the tropical Paciﬁc is strongly damped towards zero (the “NoENSO” experiment). In the NoENSO
experiment, the lead-lag correlation between the P-J pattern and the SST averaged in the Northern IO and SCS is calculated,
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eaking at zero lag, which represents positive feedback. Kosaka et al. (2013) deemed it is a positive feedback of the PJ-IO
oupling mode.
On the one hand, basin-wide warming in the IO strengthens the WNP  anticyclone, likely through the following process.
asin-wide warming increases local convection via moist adiabatic adjustment (Neelin and Su, 2005), which stimulates a
atsuno–Gill-type response in tropospheric temperature (Gill, 1980; Matsuno, 1966), with a Kelvin wave wedge penetrating
astward along the equator (Fig. 10a) (Kosaka et al., 2013; Xie et al., 2016). This causes a low-level easterly response over the
ropical western Paciﬁc, with maximum amplitude at the equator, decreasing with latitude. The anticyclonic shear vorticity
ssociated with this easterly response leads to Ekman pumping–induced boundary layer divergence (Xie et al., 2009), which
ay  weaken WNP  monsoon convection through reducing local speciﬁc humidity and moist static energy. The suppressed
eating further locally induces an AAC (Wu  et al., 2009), namely, anomalous anticyclonic circulation of the P-J pattern can
e maintained and even enhanced.
On the other hand, the P-J pattern forces the IO via a westward-propagating atmospheric Rossby wave. Weak anomalous
iabatic cooling to the east of the anticyclone (Fig. 10a) (Kosaka et al., 2013; Xie et al., 2016), although weaker than that in early
ummer following El Nin˜o, can suppress convection and reduce the latent heat release, exciting downwelling atmospheric
ossby waves that propagate westward (Wang et al., 2003). This enhances the low-level anomalous anticyclonic circulation,
xtending westward to the Northern IO. Anticyclonic circulation can increase the SST over the Northern IO and the SCS, not
nly by increasing downward shortwave radiation but also through the associated easterly anomalies in the southern ﬂank,
eakening the climatological monsoon westerlies and reducing surface evaporation (Kosaka et al., 2013; Wang et al., 2015;
ie et al., 2016). Fig. 11b shows that downward latent heat ﬂux anomalies appear over the Northern IO, which is consistent
ith the results of Kosaka et al. (2013). And according to Kosaka et al. (2013), the latent heat ﬂux anomalies associated with
-J pattern in NoENSO are comparable in magnitude with the increase in downward shortwave radiation over the Northern
O. This indicated that the above two processes play important roles in Northern IO warming.
At the interdecadal scale, the spatial structures of differences in the IO SST and low-level tropospheric circulation during
he Meiyu periods of 1979–1999 and 2000–2009 (Figs. 8 and 9) also conform to such a coupled mode, in which the positive
hase of the P-J pattern is collocated with the positive SSTA over the IO. IO warming provides additional moisture for the
ransport of water vapor from the BOB by increasing extensive surface evaporation over the equatorial and Southern IO after
000. Moreover, warmer SSTs can excite stronger atmospheric Kelvin waves, strengthening the westward and northward
xtension of anomalous anticyclonic circulation over the WNP  (Fig. 8), which is consistent with the comparison results of the
-J patterns in 1979–1999 and 2000–2009 noted by Gao et al. (2016). The southerly in the western ﬂank of the expanded WNP
nticyclone can increase meridional transport of water vapor from the BOB, whereas the associated easterly wind anomalies
n the southern ﬂank reduce the climatological monsoon westerlies and weaken transport from the SCS indirectly. Thus,
he positive feedback between IO warming and the P-J patterns has strengthened since 2000, which may  be an intrinsic
echanism that explains why the main water vapor transport paths changed during the Meiyu season after 2000.
. Summary
During the Meiyu period, the inﬂux of mid-lower troposphere water vapor across the southern boundary plays a primary
ole in affecting the total amount of water vapor in the YHRV. The second inﬂux occurs through the western boundary and
ncreases the water vapor in the middle troposphere. The northern and eastern boundaries are generally outﬂow boundaries.
fter 2000, distinctly greater water vapor outﬂow appeared in the southern YHRV via the northern boundary, whereas greater
nﬂow occurred in the northern YHRV across the southern boundary. Both led to an inverted water vapor distribution in the
HRV, namely, a larger net amount of water vapor in the northern region than that in the southern region. The water vapor
udget at the zonal (southern/northern) boundary is primarily derived from SCS and BOB water vapor transport. The two
ransports account for more than 50 percent of the total water vapor transport and are the principal sources of water vapor,
eading to Meiyu rainfall in the YHRV. The low-level water vapor from the BOB doubled and that from the SCS decreased a
ittle during the Meiyu season after 2000. These reverse the situation that the contribution of water vapor originated from
he SCS is greater than that from the BOB before 2000. Unlike in the lower troposphere, mid-level water vapor transported
rom the BOB and SCS declined sharply after 2000, decreasing the inﬂow through the western boundary of the YHRV.
A regression analysis suggests that the effect of the meridional transport of water vapor from the SCS was concentrated
n the middle and lower reaches of the Yangtze River and to its south, whereas the transport of water vapor from the BOB
an have the opposite effect on Meiyu rainfall in the northern and southern regions separated by the Yangtze River. When
he meridional transport of water vapor from the BOB increases, precipitation increases and decreases in the northern and
outhern YHRV, respectively, and vice versa.
In summary, changes in the transport of water vapor entering the YHRV between 1979 and 1999 and 2000–2009 primarily
nclude increased transport of water vapor from the BOB and decreased transport of water vapor from the SCS. The former,
hich mainly occurs in the lower troposphere, strengthens inﬂow (outﬂow) across the southern (northern) boundary of the
orthern (southern) YHRV, increasing (decreasing) the water vapor over the northern (southern) region. The latter reduces
he amount of water vapor in the southern region. Thus, variations in the two  paths jointly drove the northward shift of the
eiyu rain belt.
Finally, the mechanisms behind the changes in water vapor transport channels and the Meiyu rain belt were examined.
he results indicate that the strengthening coupling between the P-J pattern and the IO SST after 2000 is a hidden mechanism.
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IO SST warming causes an increase in water vapor transport into the atmosphere from the ocean, increasing the transport
of water vapor from the BOB. Simultaneously, positive SST anomalies excited an even stronger atmospheric warm Kelvin
wave after 2000 by heating the troposphere, extending anomalous anticyclonic circulation circulation over the WNP  and
reinforcing the teleconnection structure associated with the positive phase of the P-J pattern. This enhanced the westward
extension of the WPSH, leading to stronger meridional moisture transport from the BOB and weaker transport from the
SCS and ultimately altering the distribution of rainfall. Conversely, the P-J pattern forces the Indian Ocean via a westward-
propagating atmospheric Rossby wave.
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